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Modeling of Nonresonant Longitudinal and Inclined Slots
for Resonance Tuning in ENZ Waveguide Structures
Nebojsa Vojnovic, Branka Jokanovic, Milos Radovanovic,
Francisco Medina, and Francisco Mesa
Abstract—Novel methods are presented for the independent resonance
tuning in rectangular waveguide epsilon-near-zero (ENZ) structures. This
kind of tuning is achieved using short longitudinal and inclined slots placed
in the middle of the ENZ channel. It is demonstrated that the tunneling fre-
quency and Fabry–Pérot resonance (FPR) can be shifted by as much as 8%
and 9.7%, respectively. Equivalent circuits for the tuning slots are given,
and their equivalent parameters are extracted and validated. Analytical
expressions for the equivalent slot reactances are also provided, and they
show very good agreement with the extracted parameters. Experimental
verification of both presented tuning methods is provided, and the agree-
ment between simulated and experimental results is excellent (error less
than 1%).
Index Terms—Epsilon-near-zero (ENZ) waveguide, equivalent circuit,
frequency tuning, waveguide slots.
I. INTRODUCTION
A key feature that has made metamaterials so appealing in the
past few years is the possibility of tailoring their effective constitu-
tive parameters ε and μ in such a way as to suit the specific needs of
the application at hand. A subclass of metamaterials that has attracted
a significant interest is the so-called epsilon-near-zero (ENZ) media
[1]. The dispersion characteristics of a rectangular waveguide operat-
ing near the fundamental mode cutoff frequency were first used in [2]
as a possibility of realizing ENZ metamaterials. Other types of waveg-
uides such as SIW [3] and double-ridge [4] can also be employed as a
basis to implement artificial ENZ metamaterials. Considering the fea-
tures of these media, potential applications in dielectric sensing [3],
[5], miniaturization [6], “supercoupling,” and lens synthesis [7], [8]
are actually expected.
One of the most interesting and exploited property of ENZ waveg-
uide structures is their inherent ability to “squeeze” and tunnel
electromagnetic (EM) energy through very tight waveguide channels.
Theoretical discussion about these seemingly anomalous phenomena
can be found in [1], and experimental verification is given, for instance,
in [9]. Since the tunneling condition is met only at one specific fre-
quency, it would be very convenient to have some control on the
tunneling frequency in order to meet different specifications. Thus,
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in [10], the tunneling frequency of the ENZ waveguide structure was
altered using a varactor diode in the middle of the channel accom-
panied by an appropriate biasing network. However, this method is
not easy to apply to the ENZ structures with thinner channels. In a
recent paper published by some of the authors [11], two longitudi-
nal nonresonant slots were placed at the channel ends as elements
for simultaneous tuning of “zero-order resonance” (ZOR) and Fabry–
Pérot resonances (FPR) of the considered structure. Theoretical results
were also confirmed experimentally. In the present communication, we
describe and experimentally verify methods for the independent tuning
of the two kinds of resonances in the ENZ channel. The availability
of a method to tune each of those resonances separately has obvi-
ous advantages. This goal is achieved in this communication by the
proper use and disposition of short slots. Equivalent circuits for ENZ
waveguides with tuning slots are also presented as well as the extracted
slot parameters and their analytical expressions as functions of the
operating frequency. It should be noticed that the slots under consid-
eration are electrically short and, to the authors’ knowledge, analytical
expressions describing their impedances have not been reported in the
literature so far.
II. ENZ WAVEGUIDE—INITIAL STRUCTURE
The basic ENZ waveguide system considered in this communi-
cation consists of two input/output waveguides connected by means
of a thin channel [see Fig. 1(a) for relevant dimensions; metalliza-
tion and segments filled with different dielectrics are clearly visible].
Waveguide ports are placed on the leftmost and rightmost sides of the
structure.
A. Equivalent Circuit Extraction Procedure
The equivalent circuit of this structure is depicted in Fig. 1(b).
Zcw and Z
c
ch denote characteristic impedances of the input/output
waveguides and channel, respectively, while γw and γch denote the
propagation constants of the fundamental modes in those waveg-
uide sections. The abrupt E-plane steps between the input/output
waveguides and the channel are accounted for by the capacitors with
capacitance C [12]. The characteristic impedances of the equivalent








where Zww(ch) stand for wave impedances of the TE10 modes
(input/output waveguides or channel). In this work, we use an extrac-
tion method to obtain C based on the comparison of the response of the
equivalent circuit in Fig. 1(b) (whose closed-form expression can read-
ily be obtained) with the full-wave data computed with the commercial
software Ansys HFSS [13]. Only the S11-parameter is required in
this extraction as C is the only unknown in our circuit model. Results
from HFSS are obtained using adaptive mesh refinement with a
convergence criterion defined so that the difference between the
magnitudes of S-parameters calculated in successive iterations is less
than 0.1%. First-order basis functions are taken over the tetrahedral
mesh elements. In order to avoid any discrepancies due to solver inter-
polation, discrete sweeps with a 10 MHz resolution were employed.
The extracted values for C are very close to the ones calculated with
the formulas in [12] provided the operation frequency is not too close
to the cutoff frequency of the fundamental mode in the input/output
sections.
Fig. 1. (a) Initial ENZ waveguide structure; widths and heights of input/output
waveguides are a = 23mm and bw = 10mm, respectively; the height of the
channel is bch = 0.7mm and the lengths of both the input waveguides and
the channel section are Lw = Lch = 32 mm. (b) Equivalent circuit for the
structure in (a). Dielectric materials: εr,w = 2.1, tan δ = 0.0009 (Teflon),
and εr,ch = 1 (air).
Fig. 2. Simulated (HFSS) and analytically computed (circuit model)
S-parameters for the structure in Fig. 1(a).
B. Resonances in ENZ Waveguide
Simulated S-parameters of the structure from Fig. 1(a) and
S-parameters calculated using the extracted values of the shunt capac-
itances are compared in Fig. 2. Good agreement is observed over the
whole frequency band. The two observed resonances are well below
the cutoff frequency of the TE20 mode in the channel and input/output
waveguides, thus single mode operation (TE10) is ensured. As already
described in [1], these two resonances are very different in nature. The
first resonance at 6.14 GHz is, in fact, a consequence of the ENZ tun-
neling effect (ZOR) while the second one at 7.15 GHz is a regular FPR.
It should be noted that the position of ZOR can be affected by chang-
ing the channel length. This phenomenon is due to the fact that the
stored magnetic energy in the channel region increases with the chan-
nel length while the shunt capacitance remains the same. Fig. 3(a) and
(b) shows the surface current density vector on the top of the channel
at these two resonances. It has been checked that the electric field dis-
tribution shows no phase delay at ZOR (tunneling effect) while at FPR
it shows a clear standing wave pattern.
As reported in [14], the equivalent circuit in Fig. 1(b) can be ana-
lytically solved to obtain both the ZOR and FPR conditions. These
conditions can be expressed as transcendental quadratic equations
derived from the appropriate condition on the input impedance of the
channel, which can be graphically or numerically solved.
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Fig. 3. Surface current density vector along the channel at (a) ZOR
and (b) FPR.
Fig. 4. Extracted versus analytically calculated [15, eq. (12)] susceptances of
longitudinal offset (d) slot placed on the top wall of a narrow (bch = 0.7mm)
hollow waveguide. Width of the waveguide is a = 23mm, length and width of
the slot are as = 10mm and bs = 0.4mm, respectively.
C. Treatment of Short Longitudinal Slots
As mentioned above, electrically short slots made on the wide side
of the channel section will be employed as tuning elements. Slots in
standard waveguides (such as the WR90) can be modeled by using
the formulas provided in [15]. Alternatively, the real and imaginary
parts of the slot admittances can be obtained using an extraction pro-
cedure similar to the one used to calculate C in Fig. 1(b). For standard
waveguides and resonant slots, the extraction method yields results in
good agreement with [15, eqs. (11) and (12)]. However, in Fig. 4, it is
shown that the extracted and analytically calculated susceptances do
not agree for narrow slots in waveguides having reduced height (chan-
nel). Hence, the numerical extraction procedure will be employed in
this work to characterize the tuning slots.
III. ENZ CHANNEL WITH A CENTERED LONGITUDINAL SLOT
In [11], it was demonstrated and experimentally verified that plac-
ing two identical offset longitudinal slots at the input and output ends
of the channel results in a frequency shift of both ZOR and FPR. In
this section, it will be explored the effect that placing a single longi-
tudinal offset slot in the middle of the channel [see Fig. 5(a)] has on
the resonances of the structure. Fig. 5(b) shows the equivalent circuit
for the structure in Fig. 5(a). As the short longitudinal slot intercepts
transverse currents, it will be modeled as a shunt lumped capaci-
tor (radiation is assumed negligible, and radiation resistance is then
ignored). The influence of a single offset slot on both resonances is
plotted in Fig. 6, which shows both numerical and experimental results.
This figure clearly shows that the longitudinal offset slot only modifies
the ZOR frequency with meaningless influence on the FPR. As the
slot offset is increased, the value of the ZOR frequency is reduced.
The largest frequency shift is observed for a slot offset of 8.4 mm and
it is equal to 4% when compared to the case with no slots. Maximum
Fig. 5. (a) ENZ channel with a single offset (d) longitudinal slot in the middle
of the channel. (b) Equivalent circuit for the structure in (a).
Fig. 6. Influence of a single-centered offset slot on ZOR and FPR
(as = 10mm, bs = 0.4mm). (i) S11, no slot. (ii) S11, d = 4.2mm. (iii) S11,
d = 6.3mm. (iv) S11, d = 8.4mm. S21 curves are plotted with dotted lines
and various symbols. (a) Simulation. (b) Measurement.
slot length was chosen so as to get the largest ZOR tuning range with-
out disturbing the position of the FPR. If the materials used to build
the ENZ structure are assumed lossless, the magnitude
ρ = 1− |S11|2 − |S21|2 (2)
is a measure of the relative power radiated through the slot. This radi-
ated power is of the order of ∼10−2, being greater for larger offsets.
Moreover, the radiation losses are pronounced only at ZOR but not at
FPR.
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Fig. 7. Frequency dependence of the extracted slot shunt capacitance for
four different slot offsets. Extracted values are compared with those obtained
analytically using (5).
A. Analytical Expressions for the Slot Capacitance
Since the extraction method employed in this work for obtaining
the slot capacitance inevitably requires a very time-consuming 3-D
simulation in the whole frequency range of interest, it would be very
convenient to have analytical expression for those capacitances based
on a single frequency point simulation. Such possibility will be demon-
strated for two situations in this section. In the first case, bch is kept
fixed while the slot offset is varied. The second case implies an exten-
sion of the first case in the sense that a variable channel height is
introduced.
In order to derive an expression for Cslot, we make use of [15, eqs.





































where X is the reactance of the slot in question and Bc is the suscep-
tance of a longitudinal slot with no offset (d = 0). As it was discussed
in Fig. 4, the susceptances calculated in this manner do not agree well
with the extracted ones for thin channels. However, since the depen-
dence on d in (4) only appears in the cosecant factor, the following















where Cb0 is the numerically extracted value of Cslot at frequency f0,
for an offset d = d0 and a specific value of bch = b. Frequency f0 has
been chosen to be equal to the ZOR tunneling frequency and d0 equals
half of the maximum slot offset (in the present case, d0 = 5.75 mm).
In Fig. 7, the plots corresponding to the values of capacitances calcu-
lated using (5) (denoted as “analytical”) are compared with the ones
obtained from the numerical extraction method. The observed agree-
ment is good except for the case d = 8.4mm, as a consequence of the
increasing coupling between the slot and the waveguide sidewall.
If different channel heights have to be explored, the following










Fig. 8. Frequency dependence of the extracted slot shunt capacitance for four
different slot offsets in a thin ENZ channel (bch = 0.35mm). Extracted values
are compared with those obtained following expression (5).
where Cb00 is the slot capacitance numerically extracted for the channel
height bch = b0 at f = f0 and d = d0. For convenience, the parame-
ter b0 is chosen to be equal to the width of the slot. The derivation of
relation (6) comes from combining two asymptotic cases of channel
height. The first case considers very small bch. In such case, the capac-
itances between the waveguide top and bottom horizontal plates are
dominant and hence, bearing in mind the definition for the capacitance







If bch is large, the capacitance between the conductors of only the top









Expression (6) estimates the value of Cb0 at the intersection point of
the curves defined by (7) and (8).
After obtaining Cslot, the whole equivalent circuit shown in Fig. 5(b)
can be solved and its results compared versus those obtained using a
full-wave simulation. This comparison (omitted here) shows a very
good agreement between the simulated and numerically obtained
S-parameters with a slight frequency shift below 0.3%. Thus, the
assumption about neglecting the real part of the equivalent shunt ele-
ment in Fig. 5(b) is found to be valid. As observed in Fig. 7, all the
extracted capacitances decay with frequency and larger offsets yield
greater capacitances. The discontinuity at 6.5 GHz is due to the funda-
mental mode cutoff in the channel. It is interesting to mention that the
extracted single slot capacitances following the procedure in [11] and
those from Fig. 7 are almost identical. In other words, the slot capaci-
tance does not seem to depend on its position along the channel (only
slot length and offset are relevant).
Fig. 8 shows the extracted Cslot values versus frequency for four
different offsets in a thin ENZ channel (bch = 0.35mm). These values
are compared with those obtained using the analytical expression in
(5). The agreement is good with a relatively larger error for the greatest
offset (d = 8.4mm). Same comments as those regarding Fig. 7 apply
here. Fig. 9 shows the case of a thicker ENZ channel (bch = 2mm). In
this case, the agreement is very good for all the four offsets.
It is interesting to note that the tuning range can be easily increased
using multiple slots. For instance, placing two longitudinal slots along
the channel, one in the channel top conducting plane and the other
one in the bottom plane (in order to minimize the coupling between
the slots) with the same longitudinal coordinate, the tuning range can
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Fig. 9. Frequency dependence of the extracted slot shunt capacitance for four
different slot offsets in a thick ENZ channel (bch = 2mm). Extracted values are
compared with those obtained following expression (5).
Fig. 10. (a) ENZ channel with a centered inclined slot cut in the middle of the
channel top side. (b) Equivalent circuit for the structure in (a).
be doubled to 8% for the largest considered offset. Thus, from the
previous discussion and the results in [11], it can be concluded that
two longitudinal slots can be placed along the channel in different con-
figurations in order to manipulate the structure resonances in different
manners. If the slots are placed directly on the E-plane steps, both
resonances (ZOR and FPR) are affected. If the two slots are placed in
the channel central region, only ZOR can be tuned. Independent ZOR
tuning is a direct consequence of positioning longitudinal slots in the
middle of the channel. Off-center positioning affects both resonances.
IV. ENZ CHANNEL WITH A CENTERED INCLINED SLOT
It has already been shown that the offset longitudinal slot makes
it possible to tune the ZOR frequency without affecting the FPR
frequency. In a similar way, it would be very convenient to have a
procedure to manipulate the FPR frequency without influencing the
ZOR, thus completing the independent resonance tuning mechanism.
In order to explore such a possibility, the ENZ structure is now studied
with a single-centered slot with no offset but instead with an angle of
inclination ϕ relative to the channel longitudinal axis [see Fig. 10(a)].
The equivalent circuit that corresponds to the structure in Fig. 10(a)
is given in Fig. 10(b). From the surface currents in Fig. 3(a) and (b),
it can be concluded that a centered inclined slot will disturb the axial
component of the surface current and, hence, an inductive series ele-
ment representation is chosen for this case, ignoring once again the
radiation losses.
In Fig. 11, the extracted values of the series inductances are given
for four different angles of inclination. As this angle increases, the
Fig. 11. Frequency dependence of the extracted slot series inductance for four
different angles of inclination of the centered slot.
series inductance also increases. A slight growth of these inductances
with frequency is also observed, which is more pronounced for larger
angles. After comparing the S-parameters (omitted here) for the com-
plete structure in Fig. 10(a) obtained using HFSS and those calculated
with the equivalent circuit, a good agreement was observed (with
a slight frequency shift of less than 0.4%). This again justifies the
neglecting of the real part of the series element in Fig. 10(b).
The influence of the angle of inclination of the centered slot on
ZOR and FPR is shown in Fig. 12(a). This figure shows that a single-
centered inclined slot causes a frequency shift of the FPR only. As the
angle of inclination is increased, the FPR moves to lower frequencies
while the ZOR remains at the same position. The largest frequency
shift is observed for a slot angle ϕ = 80◦ and is equal to 6.7% when
compared to the case without the slot. Increasing the angle beyond 90◦
has no significance due to symmetry. Maximum slot length was cho-
sen in order to obtain the maximum FP tuning range while keeping
the position of the ZOR fixed. The radiation losses for this type of slot
are appreciable only at FPR but not at the ZOR tunneling frequency.
Greater angles of slot inclination give rise to higher radiation losses.
The radiation losses are about five times higher in this case than in the
previous one.
Similarly to the discussion at the end of Section III, multiple
inclined slot configuration could be used in order to additionally widen
the FP tuning range. If one slot (with the same dimensions as in the pre-
vious example) is placed in the channel top wall and the other in the
channel bottom wall (exactly beneath the first one), having the oppo-
site angles of inclination ϕ with respect to the channel center line, the
FPR tuning range can be improved up to 9.7%, which represents nearly
a 50% improvement over the single slot case.
V. MEASUREMENT RESULTS
In order to verify the proposed independent tuning mechanisms
in ENZ waveguide, a series of measurements were performed. As
seen in Fig. 13, the measurement setup consists of three waveguide
sections with upper (slotted) metallic wall removed, which form the
considered ENZ structure assembled in a single aluminum block. Input
waveguides are filled with Teflon, while the channel is left hollow.
Afterward, a copper foil, with appropriate slot geometries obtained
using photo-lithography procedure, is placed to enclose the struc-
ture. Good electrical contact between the foil and the aluminum block
is achieved by means of vacuum tightening as well as an screwed-
on metallic lid placed over the foil. Input waveguides are excited
using coaxial pins, and the obtained results are later de-embedded in
order to be directly compared to the wave-port excitation used in full-
wave simulations. Measurements were performed using Anritsu VNA
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Fig. 12. Influence of the angle of inclination of a single-centered slot on the
ZOR and the FPR (as = 14mm, bs = 0.4mm). (i) S11, no slot. (ii) S11,
ϕ = 20◦ . (iii) S11, ϕ = 40◦. (iv) S11, ϕ = 60◦. (v) S11, ϕ = 80◦. S21
curves are plotted using dotted lines with appropriate symbols. (a) Simulation.
(b) Measurement.
Fig. 13. Disassembled measurement setup consisting of a carved aluminum
block and copper foils. Vacuum pump connections, triple offset calibration kit,
and metallic lid are also shown.
ME7838 A network analyzer, which was calibrated using a triple offset
technique.
Measurement results are shown in Figs. 6(b) and 12(b) for the longi-
tudinal offset and inclined slot geometries, respectively. The expected
independent resonance tuning mechanism discussed in this work is
clearly validated by these experiments. Compared to the simulated
results, an excellent agreement of the resonant frequencies can be
observed, with a maximum difference of 50 MHz (error of less than
1%). Maximum measured insertion loss is better than 1 dB, which
agrees well with the simulations which take into account the finite
conductivity of both aluminum (38 MS/m) and copper (58 MS/m).
VI. CONCLUSION
In this communication, we present novel methods for the separate
tuning of the ENZ waveguide resonant frequencies. Interesting results
are obtained if a single slot is placed in the middle of the channel.
Namely, by keeping the slot in the longitudinal form, one can manip-
ulate the position of the tunneling frequency merely by changing the
slot offset. In addition, if the slot is rotated with respect to the chan-
nel center line, only the position of the FPR is changed. It is shown
that the longitudinal offset slot can be modeled by means of an equiva-
lent shunt capacitor in its single and dual configuration, with the same
capacitance regardless of its position along the channel (provided its
length and offset are the same). On the other hand, rotated slot can
be modeled by means of an equivalent series inductor. Based on the
extracted equivalent capacitance of the tuning slots, accurate expres-
sions are proposed for the frequency-dependent slot capacitance for
different slot offsets and different heights of the ENZ channel. The
validity of all the mentioned equivalent circuits has been checked and
errors smaller than 0.4% have been obtained with respect to full-wave
simulations. In addition, an experimental verification for the indepen-
dent resonance tuning mechanisms is demonstrated. The agreement
between the measured and simulated results is excellent with an error
of less than 1%.
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A Simple Model for Average Reradiation Patterns of Single
Trees Based on Weighted Regression at 60 GHz
Nuno R. Leonor, Rafael F. S. Caldeirinha, Telmo R. Fernandes,
and Manuel García Sánchez
Abstract—Due to their complex and inhomogeneous characteristics, the
propagation and radiation parameters of trees and vegetation areas are
very difficult and time consuming to obtain. This communication proposes
a statistical method, using robust weighted local regression, to minimize
the influence of the effect of the tree inhomogeneity on its reradiation
pattern, allowing the evaluation of averaged reradiation functions from
simple measurements. The proposed method was successfully applied to six
tree specimens of both conifer and ficus species, at 60 GHz. Furthermore,
once this empirical averaged function is obtained, first-order statistics can
be applied to generate several simple reradiation functions, statistically
identical to those obtained from measurements. Thus, allowing the full
characterization of the tree under study.
Index Terms—Millimeter wave radio propagation, modeling, propaga-
tion measurements, scattering, vegetation.
I. INTRODUCTION
The presence of trees and vegetation areas in the radio path are
very likely to severely affect the performance of radiowave commu-
nications, causing signal attenuation (absorption), scattering, and/or
depolarization [1], [2].
Despite a plethora of propagation models available in the literature,
one of the main issues while using or developing a vegetation model
is the extraction of their input parameters. Empirical and semiempiri-
cal models [3]–[5] often use simple exponential equations with a very
narrow set of input parameters. Notwithstanding, the accuracy of each
one of these models is limited for scenarios outside the model scope
[6]. Theoretical models that make use of radiowave theory to evaluate
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the total scattered field [7]–[10] are able to provide much more reliable
signal predictions. However, the required detailed physical description
of the trees present in the simulation path, e.g., leaf density, occupied
canopy area, thickness and orientation [11], may become cumbersome
for larger vegetation areas.
On the other hand, radiative energy transfer (RET)-based models
[12]–[14] and a similar approach based on ray-tracing algorithms pre-
sented in [15], allow, to a certain degree, the detailed description of the
simulation scenario. This includes the tree distribution and make use
of the prior knowledge of the reradiation function of the trees under
simulation, in order to define a set of input parameters required for the
model engine.
Nonetheless, due to the characteristic inhomogeneity of trees, their
reradiation function is dependent on the particular orientation of the
tree around its vertical axis with respect to the transmitter. Thus, in
order to obtain reliable reradiation measurement results, the scattered
field around the tree should be recorded for several incidence angles to
mitigate the tree orientation dependency, which in turns, can be rather
prohibitive. For that purpose, an empirical method to minimize the
influence of the specific tree specimen used for the reradiation mea-
surements, thus simplifying the input parameter extraction of various
propagation model present in the literature, is proposed.
This communication is then organized as follows. In Section II, a
thorough characterization of the signal reradiation phenomena of sev-
eral isolated tree specimens is presented. Section III addresses the
development of a method to obtain the averaged reradiation function of
a single tree from simple reradiation measurements. For that purpose,
a parametric analysis on the input parameters of the robust locally
weighted regression method is performed. The performance of pro-
posed method is assessed against reradiation measurements of three
conifer and three Ficus benjamina trees, performed in a controlled
environment at 60 GHz. In Section IV, a practical application of the
proposed method is presented. Finally, conclusion and directions for
further work are drawn in Section V.
II. RERADIATION FUNCTIONS OF SINGLE TREES
A. Measurement Geometry and Procedure
Measurements intending to record the reradiation pattern of sin-
gle trees, at various incidence angles, were conducted in a controlled
environment. For that purpose, the geometry depicted in Fig. 1 was
assembled in an anechoic chamber, where the transmitter was set at
three different positions. At each receiver position, the incidence point
on the tree under measurement (TUM) was kept constant, thus imply-
ing three different incidence θ angles. The receiver was set to be at
1.4 m from ground level, and it was rotated around the tree at a con-
stant distance of 1.3 m, within an angular range from φ = −120◦ to
φ = 120◦. Additionally, for each step of the receiver arm rotation, the
TUM was rotated around its vertical axis 360◦ in an increment of 1◦.
The received signal level was recorded continuously during the tree
rotation. For each tree rotation, 140 000 samples were recorded. This
allows one to record several samples of the reradiation pattern of the
TUM.
B. Measurement System Overview
The measurements carried out throughout this communication were
performed at 60.6 GHz. For that purpose, a transmitter comprising
a signal generator (SG), to provide a continuous-wave (CW) tone at
600 MHz, was used. Additionally, a 15-GHz phase-locked loop (PLL)
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